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Background:  The giant muscle protein titin forms a filament which spans half of
the sarcomere and performs, along its length, quite diverse functions. The region
of titin located in the sarcomere I-band is believed to play a major role in
extensibility and passive elasticity of muscle. In the I-band, the titin sequence
consists mostly of repetitive motifs of tandem immunoglobulin-like (Ig) modules
intercalated by a potentially non-globular region. The highly repetitive titin
architecture suggests that the molecular basis of its mechanical properties be
approached through the characterization of the isolated components of the
I-band and their interfaces. In the present paper, we report on the structure
determination in solution of a representative Ig module from the I-band (I27) as
solved by NMR techniques. 
Results:  The structure of I27 consists of a b sandwich formed by two
four-stranded sheets (named ABED and A′GFC). This fold belongs to the
intermediate frame (I frame) of the immunoglobulin superfamily. Comparison of
I27 with another titin module from the region located in the M-line (M5) shows
that two loops (between the B and C and the F and G strands) are shorter in
I27, conferring a less elongated appearance to this structure. Such a feature is
specific to the Ig domains in the I-band and might therefore be related to the
functions of the protein in this region. The structure of tandem Ig domains as
modeled from I27 suggests the presence of hinge regions connecting
contiguous modules. 
Conclusions:  We suggest that titin Ig domains in the I-band function as
extensible components of muscle elasticity by stretching the hinge regions.
Introduction 
Titin (also known as connectin) is a giant multidomain
protein from vertebrate muscles and one of the most
elegant examples of how similar folds can adapt to a
highly diverse range of functions. Cardiac titin — one of
the smallest isoforms yet identified — contains ≈240
repeats of two types of modules, called type I and type II
and belonging, respectively, to the fibronectin type III
(Fn-3) and immunoglobulin (Ig) superfamilies [1,2].
Type I modules are located only in the central region of
the molecule, and they are all thought to cover a similar
function. Type II (Ig-like) modules, on the contrary, are
evenly distributed along the whole length of titin
(≈ 1 mm [3]) which spans half sarcomere, joining the
Z-disk to the M-line [4]. Along the sarcomere the func-
tions of titin vary (for reviews, see [5–7]): in the A-band,
it regulates the assembly of the thick filaments via inter-
actions with myosin and C-protein [8]; in the I-band, 
it acts as an elastic connector between the thick 
filaments and the Z-disk and prevents the thick fila-
ments from moving from the center of the sarcomere
[4,9,10]; finally, in the M-line, it is an integral part of a
protein meshwork [11,12]. 
Are these diverse functions paralleled by a diversity of the
Ig fold? To what extent and how have titin modules
diverged in the course of evolution to fulfil their role in
the sarcomere? The structure of a type II domain from the
C-terminal region of titin located in the M-line has
recently been solved by NMR spectroscopy [13]. It was
shown that the domain — named M5 — belongs to the
newly defined intermediate (I) frame of the immunoglob-
ulin superfamily [14]. From sequence analysis it was also
predicted that all the Ig-like modules in titin would adopt
the I frame fold because they all share the key residues
that are essential for this family. It was therefore sug-
gested that the structure determination of only a very
restricted number of domains representative of the differ-
ent consensus sequences would enable us to model from
their coordinates all the other titin modules. 
The next most obvious candidates for structure determi-
nation are domains from the I-band region of titin. At
least two features make the Ig modules from this region
unique within the titin molecule. Multiple sequence
alignment of Ig-like domains from different regions of
titin shows that the I-band modules are ‘shorter’, with
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the exception of those located in transition points
(Fig. 1a) [2,15,16]. These domains are constitutively
expressed in all muscles. Additional copies of Ig modules
with a consensus sequence closer to that of the Ig
modules from other regions are differentially spliced in
skeletal muscle. A common feature of the short domains
is the lack of a Pro-X-Pro motif (where X can be any
residue) that is otherwise well conserved in titin type II
domains. A very highly conserved Asn–X–X–Gly stretch
is also absent near the C terminus. It has been suggested
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Figure 1
(a) Multiple sequence alignment of the titin domains from the I-band
(the exact localization of the various modules may still need changes)
colour-coded to highlight similarities. All G (orange) and P (yellow)
residues are coloured. Other colouring is by conserved property in
more than 40% (30% for K, R, H) of a column (uncoloured residues
lack a sufficiently conserved property): blue, hydrophobic; light blue,
partially hydrophobic; red, positive; purple, negative; green, hydrophilic.
For comparison, a titin domain from the protein C-terminus located in
the M-line (M5) is also shown (m5). In the top line, the key residues
essential for the fold of the I frame of the Ig superfamily according to
[14] are shown in capital letters. At the bottom of the I-band and of the
M-line domains the consensus sequences for the two regions are
shown (I-cons and M-cons). A # symbol is used in the consensus for
strongly conserved hydrophobic, % indicates semi-conserved
hydrophobic. Positive and negative conserved residues are indicated
by + and –, respectively. A capital letter is used for highly conserved
residues. The phase of the Ig sequences was conclusively determined
by comparison of modules flanked by type-I modules (in the A-band). 
In the I-band region, no linkers are observed as the end of a domain is
immediately contiguous with the start of the next one. (b) Domain
structure of human cardiac titin in the I-band region with the presumed
location of the domains [2]. Only the N2-B isoform found in the human
cardiac sequence is shown. Separations are used to identify the
stretches where differential splicing was observed.  The Ig and Fn-3
modules are shown in purple and white, respectively. I27 is shown in
magenta. Green is used for the PVEK region. In different isoforms, an
additional stretch of tandem Ig domains is inserted between the
constitutively expressed regions shown here, and the PEVK-rich region
changes length. Stretches of sequence for which the structure cannot
be predicted on the basis of sequence similarity are indicated in blue.
that, as a consequence of the lack of these motifs, the 
Ig domains in the I-band might be much less stable 
if folded at all [16]. This hypothesis was confuted,
however, by a survey of the stabilities of domains from
the I-band as observed in thermal and chemical denatu-
ration studies and by comparison with the stability of Ig
domains from other regions [17,18]. I-band domains were
shown to be stably folded with general features very
similar to those observed for domains from different
regions of titin. Another unique feature of the I-band is
that it is the only region in which Ig domains are assem-
bled in tandem, that is, without linkers between them
(Fig. 1b). Both in the Z-disk and in the M-line, interven-
ing stretches with sequences usually unique in the
sequence database space out the individual modules. In
the A-band, type-II modules are without exception
flanked by type-I domains. 
It is conceivable that both specific features of the I-band
might be related to the function of titin there, to fulfil
which these modules must have evolved. Electron micro-
graphs have conclusively shown that, upon stretching, the
titin segment between the Z-line and the edge of the
A-band is extensible, whereas the segment within the
A-band is anchored to the surroundings and prevented
from stretching by interactions with the thick filament or
associated molecules [4,19–21]. A number of models have
been suggested to explain titin elasticity, all assuming that
it would be determined by Ig modules [18,21–24]. The
recent identification of alternatively spliced isoforms has
revealed the presence in the I-band of a PEVK-rich motif
in addition to the tanden Ig domain region [2]. The
lengths of the two regions seem to correlate with the stiff-
ness of different muscles. It was therefore proposed that
the elasticity might be caused by a subtle regulation of
two different contributions: the tandem of Ig domains and
the PEVK-rich region could act as two strings distributed
in such a way as to modulate the different properties 
of different fibers. Support for this suggestion now 
seems to be provided by preliminary data from immuno-
fluorescence studies coupled to tension measurements 
(W Linke, unpublished results) and from immuno-
electronmicroscopy (M Gautel, unpublished results). 
In the present study we report on the three-dimensional
structure determination solved by NMR techniques of a
representative Ig-like domain from the I-band region of
titin. A detailed examination of the structure at high reso-
lution of a ‘short’ Ig domain from the I-band is necessary
for understanding the structural bases of the different con-
sensus of modules in this region and for modeling from it
the entire region. This knowledge, in conjunction with
information from lower resolution techniques such as elec-
tron microscopy on skinned fibers and optical tweezers,
should ultimately help reconstruct a reliable picture of the
molecular bases of titin mechanical properties.
Results 
Choice of the domain 
Several modules from the I-band region of titin were bac-
terially expressed and their fold and stability characterized
by circular dichroism and fluorescence spectroscopy [18].
Among them, one domain (I27) was found to be extremely
stable against temperature and chemical denaturation,
having a melting point of 73°C. This domain is in the
middle of the Ig tandem region and was chosen for the
NMR study. The precise boundaries of the module were
selected as previously described [18,25]. 
NMR data analysis 
Most assignment work and collection of the NMR
restraints were carried out on spectra recorded at 35°C. At
this temperature I27 retains its native fold, as shown by
thermal stability measurements [18]. 
The spectra of I27 showed an excellent intrinsic resolu-
tion (see Fig. 2). It was therefore possible to obtain the
complete assignment of the proton resonances from the
analysis of two-dimensional (2D) spectra only, using stan-
dard methodologies [26]. The spin systems of the unique
tryptophan ring and of four of the six alanines were readily
identified in the total correlation spectroscopy (TOCSY)
spectrum and used as entrance points for the assignment.
All the residues were completely assigned, with the
exception of the side-chain protons of some lysines and
the methyl group of Met67. The natural abundance
1H-13C HSQC (heteronuclear single quantum coherence)
spectrum aided significantly in sorting out the assignment
of methyl and aromatic protons. The hydroxyl protons of
Thr68 and Ser80 and the sulphydryl proton of Cys63
(usually not observed because of fast exchange with the
water) were identified as extra peaks in TOCSY spectra. 
Full assignment is reported in Table 1. The 15N resonances
were identified from the 2D 1H-15N HSQC and 3D nuclear
Overhauser spectroscopy (NOESY)-HSQC connectivities.
Of the residues belonging to the histidine tag (MHHHH-
HHSS), the two serines have been completely assigned
(see Table 1), but the others did not show appreciable dis-
persion. The four proline residues were all found to be in a
trans configuration from the presence of strong sequential
nuclear Overhauser enhancements (NOEs) between their
d protons and the a protons of the preceding residues. 
Identification of the secondary structure 
A number of long-range Ha–Ha as well as HN–HN and
HN–Hb connectivities were identified in the NOESY
spectra of I27 (Fig. 3): these connectivities are consistent
with the presence of eight strands forming two b sheets.
All adjacent strands are antiparallel, with the exception of
the A′–G pair. Near the N terminus, the regular arrange-
ment of the strands is distorted by a b bulge, clearly
defined by a strong sequential HN–HN NOE between
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Glu5 and Lys6 and by the inversion of the pattern of the
interstrand NOEs. 
Both the secondary chemical shifts (Fig. 4a) and the
amide proton exchange rates (Fig. 3) show a very good
correlation with the secondary structure elements derived
from the NOEs. All amide protons that are presumably
involved in interstrand hydrogen bonds were found to be
stable in D2O for at least one day, except for Glu5 and
Lys6, which completely exchanged within six hours. This
faster exchange in the A strand suggests a higher flexibil-
ity of the N terminus. (Slow exchange was also measured
for a few backbone amides which are not part of secondary
structure elements but which point into the core of the
molecule in the 3D structure.) 
The secondary chemical shifts of the a protons (Fig. 4a)
show nine stretches of negative values, characteristic 
of b sheet structures [27,28]. In addition to the eight
b strands identified by the NOEs, negative shifts 
are found between residues 40–43, suggesting the
presence of a ninth strand. The presence of this strand
could not be conclusively established: a few medium- and
long-range NOEs, together with two slowly exchanging 
amide protons, were detected between residues 39–41
(see Fig. 3). However, the Ha(Pro40)–Ha(Lys35) and
Ha(Pro40)–HN(Leu36) connectivities, which would
undoubtedly demonstrate the existence of the C′ strand,
could not be identified. Finally, the analysis of the 15N
relaxation data indicate that this region is quite mobile in
comparison with the other well defined b strands (SI,
unpublished data). 
Determination of the tertiary structure 
A classification of the experimental restraints used for the
structure refinement, together with a statistical analysis of
the best 24 calculated structures, is given in Table 2. The
residues of the histidine tag were not included in the cal-
culations because they do not participate in the formation
of the secondary or tertiary structure. This was conclu-
sively demonstrated by a comparison between NOESY
spectra of the domain expressed with and without the his-
tidine tag; no significant differences in the proton chemi-
cal shifts and, more important, in the NOE patterns were
detected (data not shown).
The best 40 structures obtained from distance geometry
calculations had an average target function of 9.6 Å2 and
an average maximum NOE and dihedral restraint violation
of 0.81 Å and 7.9°, respectively. The simulated annealing
procedure significantly improved the fulfilment of the
experimental restraints, leading to 24 structures with dis-
tance restraint violations less than 0.4 Å and dihedral
restraint violations less than 5°. The geometry of the
refined structures is good as judged from the root mean
square (rms) deviations from the ideality and from the
various quality controls (Table 2). 
Superposition of the best 24 calculated structures on the
mean coordinates gives average rms deviations of 0.83 Å
and 1.44 Å for the backbone and all heavy atoms, respec-
tively. As can be seen from Figure 4b, the b-sheet regions
are better defined. The definition of the heavy atom co-
ordinates correlates well with the alternating pattern of
exposed and buried residues along the b strands (Fig. 4c).
Analysis of the 15N backbone dynamics confirms that the
residues with high rms deviations are located in the flexi-
ble parts of the molecule (SI, unpublished data). 
Description of the structure 
The domain adopts the classical Ig fold, consisting of two
b sheets packing against each other (Fig. 5). Each of the
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Figure 2
NMR spectra of I27 at 600 MHz, 35°C and pH 4.5. (a) Fingerprint
















sheets contains four strands: the first sheet (green in 
Fig. 5b) comprises strands A, B, E and D, whereas the
second sheet (magenta in Fig. 5b) comprises strands A′, G,
F and C. The contribution of the N-terminal strand to
both b sheets is made possible by a classic b bulge which
involves residues Glu5 and Lys6 [29]. This bulge accentu-
ates the twist of the AA′ strand. 
According to the classification by Wilmot and Thornton
[30], an eb (type II′) turn connects strands D and E,
whereas strands F and G are connected by a distorted non-
classic b turn. 
Only four residues separate the beginning of the A strand
from the N terminus. These residues insert between the
BC and FG loops in an arrangement which reduces the
solvent accessibility of hydrophobic side chains such as
those of Ile2 and Val4. The observation of favourable
hydrophobic interactions between the loops and the
N terminus explains the increase of stability measured in
the Ig-like modules after their N-terminal extension [25]. 
An elongated hydrophobic core is formed between the two
b sheets of the domain. The central position of the core is
occupied by Trp34. Other bulky aromatic residues are
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Table 1
1H and 15N chemical shifts* (in ppm) of I27 at 35°C and pH 4.5.
15N HN CaH CbH CgH CdH Others 15N HN CaH CbH CgH CdH Others
*Proton chemical shifts are given relative to the H2O signal at 4.72 ppm. Nitrogen chemical shifts were referenced to the main-chain nitrogen of Lys37, which was
arbitrarily assumed to resonate at 121.5ppm. The first two serines are part of the histidine tag.
Ser 113.30 8.38 4.45 3.86
Ser 113.64 8.49 4.42 3.85
Leu1 118.63 8.00 4.36 1.52 1.52 0.80,0.87
Ile2 119.05 8.57 3.96 1.92 1.92,0.91 0.81
Glu3 119.87 8.60 4.68 1.78,2.02 2.15
Val4 117.70 8.90 3.89 2.13 0.76,0.8
Glu5 123.97 8.63 4.35 1.46 1.95,2.07
Lys6 113.48 7.61 4.91 1.73 1.56 3.03
Pro7 4.26 1.78,2.12 2.03 3.61,3.83
Leu8 108.85 7.21 4.28 1.50 1.25 1.10,0.74
Tyr9 114.24 8.13 5.00 2.88,3.22 7.26(d),6.84(e)
Gly10 102.58 8.62 4.50,3.99
Val11 114.71 8.30 4.38 1.70 0.73,0.48
Glu12 121.40 8.37 5.61 1.73,1.81 1.96,2.10
Val13 112.60 8.66 4.64 2.58 0.71,0.81
Phe14 114.53 8.60 5.20 2.63,3.21 7.31(d,e),7.35(z)
Val15 113.77 7.93 3.49 1.97 1.06
Gly16 109.96 9.56 4.42,3.90
Glu17 115.94 8.28 4.59 2.26,2.34 2.50,2.57
Thr18 111.84 8.44 5.22 3.99 0.66
Ala19 124.55 9.02 4.57 1.26
His20 115.82 8.14 5.14 2.87,3.07 7.08(d),8.63(e)
Phe21 118.75 9.27 4.76 2.71,3.14 7.11(d),7.17(e z)
Glu22 114.30 8.54 5.53 1.93,2.02 2.19
Ile23 118.17 9.01 4.82 1.40 0.55,2.00, 0.55
0.005
Glu24 119.75 8.36 5.28 1.83 1.98,2.16
Leu25 120.10 8.90 5.18 2.13,1.57 1.26 0.70,0.78
Ser26 104.92 8.50 4.31 3.85
Glu27 112.95 6.74 5.07 1.58 2.30,2.15
Pro28 4.10 1.99 2.32 3.59,3.89
Asp29 108.79 7.80 4.28 2.74,2.85
Val30 113.54 7.55 3.97 1.83 0.72
His31 118.93 8.47 5.02 3.20,3.32 7.31(d),8.61(e)
Gly32 106.40 8.80 4.32,3.06
Gln33 113.54 7.56 4.62 1.80,1.85 2.19,2.12 7.67,6.91(e);
108.26(Ne)
Trp34 123.26 9.33 5.53 3.07,3.14 6.54(h),6.58(z3),
125.31(Ne) 6.79(z2),7.35(e),
7.46(d1),10.52(e1)
Lys35 116 9.33 5.08 1.82,1.66 1.17 3.32
Leu36 114.88 8.38 5.22 1.85 1.31 0.94
Lys37 121.50 9.83 4.00 1.93,2.13 1.32 1.57 3.03
Gly38 98.36 8.66 4.21,3.43
Gln39 116.76 7.86 4.90 2.07,2.21 2.34,2.43 6.86,7.48 (e)
107.56(Ne)
Pro40 4.62 1.87 2.33 3.77,3.92 
Leu41 19.75 8.17 4.63 1.54 1.40 0.97,0.81
Thr42 109.91 7.93 4.49 4.11 1.25
Ala43 121.33 8.47 4.60 1.54
Ser44 115.94 9.48 4.91 3.94,4.38 
Pro45 4.25 2.15,2.37 1.86 3.79,3.86
Asp46 106.56 7.65 4.80 2.44,3.06
Cys47 122.21 8.08 5.17 2.54,3.07
Glu48 121.80 9.27 4.76 1.98,2.05 2.15
Ile49 118.52 8.14 4.57 1.67 1.15,0.62 0.74
Ile50 124.50 9.28 4.50 1.68 1.58, 0.84 0.79 
Glu51 125.84 8.98 4.60 2.07 2.24
Asp52 120.69 8.58 4.83 2.27,2.57
Gly53 109.26 8.94 3.70,4.11
Lys54 126.72 9.56 3.95 1.63,1.95 1.42 2.57 2.95
Lys55 114.24 7.99 4.80 1.73,1.94 1.31 1.44 2.92
His56 117.70 8.81 5.02 2.56,3.23 6.93(d),9.12(e)
Ile57 121.39 9.13 4.95 1.58 1.12,0.72 0.83
Leu58 124.44 8.17 4.70 0.48,1.25 0.84 0.21
Ile59 121.33 8.98 4.61 1.61 1.33,0.54, 0.70
0.18
Leu60 122.21 8.68 4.97 1.65 1.48 0.98,0.86
His61 115.29 8.72 4.83 3.15,3.21 7.18(d),8.68e
Asn62 112.19 8.78 4.11 2.46,3.06 7.67,6.90
107.03(Ne)
Cys63 110.84 8.36 4.13 2.38,2.77 2.83
Gln64 115.12 7.62 4.63 1.68 2.48,2.68 6.83e
110.72(Ne)
Leu65 117.58 9.08 3.75 1.67,1.58 1.67 0.95,0.78
Gly66 99.71 8.58 4.10,3.76
Met67 113.77 7.92 4.06 2.00 2.45,2.58
Thr68 107.74 6.99 4.12 4.13, 1.48
5.48(OH)
Gly69 111.31 9.02 3.92,4.20
Glu70 114.88 8.37 4.56 1.80,1.95 2.11
Val71 129.01 9.50 4.84 1.37 0.37,0.57
Ser72 113.95 9.25 5.33 3.6,3.85
Phe73 116.06 8.50 4.78 1.84,1.65 5.64(z),6.35(d;e)
Gln74 120.27 7.08 4.84 1.62,1.68 2.02,2.09 7.40,6.65e
106.39(Ne)
Ala75 122.91 8.33 4.17 0.86
Ala76 120.68 8.82 3.81 1.48
Asn77 112.89 8.20 4.58 2.72,2.91 7.72,7.48;
111.37(Nd)
Ala78 120.74 8.49 4.45 1.22
Lys79 116.11 8.22 5.17 1.61,1.69 1.21,1.25 1.52
Ser80 110.84 8.40 4.62 3.22,3.74 5.78
Ala81 122.39 8.0 5.43 1.24
Ala82 117.52 9.37 4.53 1.24
Asn83 112.31 8.60 5.09 2.70 6.80,7.54;
108.03(Nd)
Leu84 119.22 9.10 5.26 2.28 1.45 0.86,0.94
Lys85 124.38 8.90 4.72 1.70,1.81 1.26 1.58 2.84
Val86 122.21 7.92 4.67 1.78 0.64,0.47
Lys87 121.33 8.95 4.52 1.30,1.60 1.02 1.21
Glu88 116.06 8.60 4.48 2.04 2.16,2.48
Leu89 122.79 8.10 4.15 1.52 1.52 0.66,0.77
Phe21, His56 and Phe73. The last of these replaces one of
the two cysteines that form the well conserved disulphide
bridge in extracellular Ig domains [31]. Extensive packing
interactions formed by Phe73 and by Ile23, which replaces
the second cysteine, stabilize the Ig fold, possibly com-
pensating for the lack of the disulphide bridge. Figure 6
shows the hydrophobic residues clustering around Ile23.
The proximity of Ile23 to the aromatic rings of Trp34,
His56 and Phe73 is reflected by the chemical shifts of its
methyl g protons, which are strongly upfield shifted (at
0.005 ppm and 0.55 ppm respectively). Unusual values of
chemical shifts are also observed for the b and d protons of
Leu58, which is in close contact with Phe21 and Trp34 (at
0.48 and –1.25 ppm for the b proton and 0.21 ppm for the
d proton, respectively). The side chain of Ile8, the first
residue after the b bulge, is also part of the hydrophobic
core and packs against the central tryptophan. 
Hydrophilic residues predominate on the surface of I27,
especially glutamates and lysines (which are, respectively,
11 and 8 out of a total of 89 residues). Serines and thre-
onines are also found in regions accessible to the solvent,
except for Ser80. This residue is located in the G strand
and points its side chain towards the hydrophobic 
core. Consistent with its inaccessibility to the solvent 
(accessible surface area is <1 Å2) is the observation of the
hydroxyl proton in the NMR spectra. A high level of
protection from the solvent is also observed for Cys63
(accessible surface area <2 Å2), explaining why the g proton
of this residue is detectable by NMR. Thr68, which also
has the hydroxyl proton observable in the NMR spectrum,
is in contrast fairly exposed to the solvent. A reason for the
slow exchange rate of the g hydroxyl proton of Cys63
could be the formation of a hydrogen bond with the back-
bone oxygen of Leu65 (found at suitable distance — less
than 2.5 Å — in 13 of the 24 calculated structures). 
Only a few hydrophobic side chains are found exposed on
the surface of the domain. Ile50, Ile57 and Ile59 are out-
wardly facing from one layer of the b sandwich and form a
small cluster of exposed non-polar residues. Among them,
Ile59 is the least accessible to the solvent because it packs
against the aromatic rings of His20 and His61, as reflected
in the high-field shift of its side-chain resonances. A small
patch of non-isolated exposed hydrophobic residues
(namely Phe14, Leu65 and Leu89) is also observed near
the C terminus of the domain. 
Comparison with other Ig folds analysis of the structure
shows that I27 belongs to the newly defined I frame of the
Ig superfamily [14]. This set combines structural features
which had been observed either in the variable (V) or in
the constant (C1 and C2) immunoglobulin frames. The
fold of the I frame is characterized by the presence of
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Figure 3
Schematic representation of the secondary
structure of I27. Thin and dotted lines indicate
interstrand NOEs observed at 60 and 100 ms
mixing times, respectively. Amide protons
stable for at least six hours in D2O are labeled
with dotted circles; amide protons stable for
more than 30 days are labeled with thick
circles. b strands are named according to the
canonical nomenclature of the
immunoglobulin fold. 
eight or nine strands, divided in ABED and A′GFCC′, C′
being very short or absent. So far, three structures belong-
ing to the I frame have been determined: telokin [32], in
which the features of the new fold were originally identi-
fied; M5, an Ig-like domain from the M-line of titin [13];
and the N-terminal domain of vascular cell adhesion mol-
ecule (VCAM) [33]. They show low or no detectable
homology (Table 3). The structures of these domains are
compared to I27 in Figure 7. 
From sequence analysis, I27 was predicted to belong to
the I frame together with the other Ig domains from titin:
its sequence conserves 18 of the 20 ‘key residues’ which
are structurally crucial for the I frame fold [14]. Inspection
of the I27 structure shows that all but one of the predicted
interactions are present. The missing interaction is a salt
bridge between the residues at the positions D1 and 
EF6 in [14], usually a positively charged group and an
aspartate, respectively. The absence of this interaction in
I27 was expected because the corresponding positions are
occupied instead by Asp46 and Met67 respectively 
(Fig. 1a). (In this respect, I27 is anomalous even among
the I-band modules, most of which have a positively
charged residue at the D1 position and an aspartic acid
residue at the EF6 position. This anomaly was indeed one
of the reasons for choosing I27 for structure determina-
tion.) As the salt bridge is missing in the structure of M5
also [13], we can conclude that this interaction does not
play a crucial role in stabilizing the I frame. 
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Figure 4
Experimental and structural parameters of I27 along the sequence.
(a) Secondary chemical shifts of the a protons of I27 at 35°C. Values
were obtained by subtracting the measured resonances from the random
coil chemical shifts [26] and by averaging over pairs of consecutive
residues. (b) Average rmsd per residue from the mean coordinates for
the final 24 NMR-derived structures. Rms deviation values for the
backbone and all heavy atoms are displayed. In (a) and (b) the rectangles
indicate the positions of the b strands along the sequence. (c) Residue-
specific accessibilities calculated from the average minimized structure
of I27. Values were obtained by summing up the accessible areas of all
atoms for each residue. A probe radius of 1.6 Å was used. 
Table 2
Summary of the number of restraints used in the calculations
and structural statistics for the 24 final NMR-derived structures.
Restraint classification






Total of ambiguous distance restraints 49
Dihedral angle restraints 55
Hydrogen bond restraints 34
Structural statistics
Fit to the experimental data 
No. of distance restraint violations >0.4 Å 0 
No. of distance restraint violations 19
between 0.3 and 0.4 Å
No. of dihedral restraint violations >5° 0 
Average rms deviations from ideality*
Bond lengths (Å) 0.0024 ± 0.0013
Bond angles (°) 0.528 ± 0.01
Improper torsion (°) 0.368 ± 0.009 
Quality control 
WHATIF quality value* –1.996 ± 0.119
PROSA energy* –0.883 ± 0.132
*Values quoted are mean ± standard deviation.
As previously discussed, the presence of the C′ strand in
I27 could not be conclusively established, although our
data seem to exclude it. The lack of the C′ strand was
already observed in the structure of M5 and it was sug-
gested [13] that this strand is not a stringent requirement
for the definition of the I frame. In fact, a large sequence
variability was found between strands C and D, with the
exception of one position (the ‘CD position’ according to
[14]) usually occupied by a large hydrophobic residue.
This position is conserved in both M5 and I27, which
have, respectively, Leu40 and Leu41 at this site. In con-
trast with the structural role played by Leu40 in M5,
however, Leu41 does not make contacts with any of 
the residues of the core. Accordingly, Leu41 has proton
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Figure 5
Structure representations of I27. (a) Stereoviews of the best 24
calculated structures of I27. Structures were superimposed for the
best fit superposition of the backbone atoms (N, Ca, C′) in the b-sheet
regions. (b) MOLSCRIPT representation of the minimized average
structure of I27. The b strands are coloured according to the sheet to
which they belong. The N and C termini are indicated. 
Figure 6
Part of the hydrophobic core of I27. Side
chains are shown for the best 24 calculated
structures (black lines) and for the minimized
average structure (thick magenta line). The
figure was generated by superimposing the
backbone atoms in the b-sheet regions. 
chemical shifts close to random-coil values and is poorly
defined in the NMR structures. 
Comparison of I27 with the other titin Ig domains 
A more detailed comparison was attempted between I27
and M5. The sequence identity between the two domains
is relatively low (25%), although the similarity (49%) is of
course much higher, especially when restricting the analy-
sis to the key positions (Table 3). In a phylogenetic tree of
the titin Ig modules, I27 and M5 belong to two different
subfamilies, as shown by the separation between the corre-
sponding branches (Fig. 8). The average pairwise similarity
between I27 and all the other titin Ig modules is 21%±0.07,
which is comparable to the similarity between I27 and M5.
The two structures can therefore be taken as divergent
members within the family. A quantitative analysis of the
two structures gives us a more precise estimate of the error
we would make if we modelled the other titin Ig domains
from the structure of either of the two and a measure of
how much the fold has diverged along the molecule.
Figure 9 shows a superposition of the two structures. The
rms deviation of the backbone atoms in the b-sheet regions
is 1.44 Å. A structure superposition obtained by the DALI
program [34] shows that 83 amino acids can be super-
imposed with an rms deviation of 2.10 Å for the Ca atoms.
The most noticeable difference between I27 and M5 is
undoubtedly the shorter length of the BC and FG 
loops. These two loops correspond to two of the hyper-
variable loops (complementarity-determining regions) in
the immunoglobulins (CDR1 and CDR3). It is reasonable
to think that the truncation of the two loops is correlated as
they pack against each other in the structure (Fig. 9). In
M5, the BC loop is characterized by the Pro-X-Pro motif in
which the first proline (Pro27) is in a cis conformation and
the residue in the middle (Asp28) is in a (+,+) conformation
which allows a sharp inversion of the direction of the chain.
The side chain of a conserved asparagine (Asn76) in the
FG loop projects towards the BC loop, most likely forming
a hydrogen bond with the carbonyl oxygen of Pro27. In I27,
only one proline — in a trans conformation — is present in
the BC loop (Pro28). This loop is rounder than that in M5,
with several hydrophilic residues which expose their side
chains to the solvent. The conformation of the FG loop is
also completely different, with several small residues on
the surface (Ala77, Ala78 and Ala80). As a result, the overall
shape of I27 is less elongated, being approximately
34×12×8 Å as compared to 39×12×8 Å in M5. 
It was suggested that the different consensus sequence of
titin Ig modules with shorter loops could strongly affect
the stability of the I-band domain [16]. However, none of
the residues missing is one of the key residues, in other
words residues that are essential to stabilize the structure
core. The shorter loops result in the absence of two hydro-
gen bonds. Such a loss can easily be compensated for by a
few favourable interactions. Indeed, it was shown by
Politou et al. [18] that I27 is one of the most stable
domains among those checked. Comparable stabilities
Research Article Structure of a titin I-band module Improta, Politou and Pastore  331
Table 3
Pairwise comparison between the four structures so far
determined with an I frame fold.*
I27 M5 Telokin VCAM-d1
I27 – 25(49) 20(49) 13(n.d.)
M5 2.01(78) – 24(42) 26(n.d.)
Telokin 2.14(86) 2.56(88) – 19(42)
VCAM-d1 2.33(73) 2.33(77) 2.05(80) –
Above the diagonal, the pairwise identities and (in parentheses) the
similarities are indicated. Below the diagonal the rms deviation and (in
parentheses) the number of residues used for the superpositions. The
structures were superposed by WHAT IF [67]. 
Figure 7
Comparison of the four structures so far
determined which belong to the I frame of the
immunoglobulin superfamily. They are titin I27
(magenta), titin M5 (cyan), telokin (blue) and
the N-terminal domain of VCAM (green). A
MOLSCRIPT representation and the same
orientation are used. 
were also found for other titin domains from the I-band,
indicating that the difference in loop length cannot be
associated with a less stable fold. Why are the two loops
shorter, then? As this feature is specific for the only region
in titin that contains tandem Ig domains, it is tempting to
speculate that shorter loops might correlate with inter-
domain interactions (or the lack of them) specific to this
region. This in turn might reflect the function of these
tandem Ig domains in the I-band. 
Modeling of the tandem Ig region 
Attempts to model the I-band tandem Ig region were
made by homology model building. The structure of 
I28 was built on the basis of the I27 structure (the 
two sequences show 47% homology and 25% identity) 
and the two modules were connected. This pair rep-
resents the smallest structural unit that includes an Ig
module–module interface typical of the I-band. The rela-
tive orientation of the two modules was chosen arbitrarily
using the following criteria. First, based on the structure
of I27, there would be approximately 5 to 6 residues
between the last residue in the b sheet of I27 and the first
residue in the b sheet in I28; second, these residues do
not show any strong conformational tendency, as sug-
gested by a secondary structure prediction based on an
alignment of the family (see Materials and methods);
third, experimental evidence shows that although a strong
stabilization effect is observed when extending the N ter-
minus of single constructs [25], almost no difference is
observed in the stability of individual modules when iso-
lated or in pairs [35]. This suggests the presence of only
very weak interactions between modules. 
The resulting structure is shown in Figure 10. From this
tentative model we can draw the following conclusions,
which are independent of the precise relative orientation
of the single modules in the pair. As the b-sheet periodic-
ity breaks around the interdomain region, it is unlikely
that contiguous modules will be joined by a continuous
b strand, as they are in the CD4 structure [36,37].
Although still part of the Ig module (as shown by multiple
alignment of the whole titin modules; see the World Wide
Web page http://www.aaas.org/science/science.html), the
inter-domain region is expected to form a hinge because it
is long enough to confer flexibility on the relative orienta-
tion of the two modules. The residues in the hinge
regions could only interact with those loops in the
modules which are long enough to protrude close by.
These are the A′B and EF loop in one module and the BC
and FG loop of the other one (the DE loop is in any 
case too short). Longer BC and FG loops would presum-
ably result in different and possibly stronger interactions
between modules.
On the basis of our model we suggest that the tandem Ig
domains of the titin I-band are able to adopt a bent confor-
mation. Determination of the structure and dynamics of
double modules from titin should eventually tell us
whether tandem domains have a specific orientation held
by weak interactions or if they have enough conforma-
tional freedom to behave completely independently from
each other. The two possibilities can hardly be distin-
guished at the moment because we would expect that,
even if the hinge region were not to adopt a preferred con-
formation, it would still not be in its extended form but
would tend to flex for entropic reasons [38]. The inter-
actions, if any, could be similar although certainly not of
the same nature as those determining the elbow move-
ments in the antibody structures because of the absence of
the necessary key residues [39]. A relatively large bending
between modules is also observed in other Ig-like
domains, such as those in CD2 and the neuroglian struc-
tures [40–42]. An inherent degree of flexibility of the
inter-domain linker (also approximately six residues long,
as it could be in titin) on the basis of sequence analysis has
been suggested for CD2 by comparison of structures from
different species. In neuroglians, two Fn-3 domains are
held in a fixed bent orientation by a metal ion. The hinge
would otherwise be long enough to allow flexibility. 
Role of titin in muscle elasticity 
We might now speculate on the role that Ig domains have
in muscle elasticity. In muscle, this property is observed as
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Figure 8
Phylogenetic tree of the entire titin Ig family as calculated by
CLUSTALW [67] and displayed by TREETOOL [67].
a combination of active (if it requires metabolic energy in
the form of ATP) and passive components. Titin has been
suggested to be the main, if not the only, molecule
responsible for passive elasticity of vertebrate striated
muscle [4,9,10]. Several models have been suggested,
some of which propose reversible partial or local unfolding
of the Ig domains [22,23]. Other possibilities are entropic
forces due to loop tension or to the exposure of hydropho-
bic linkers [18]. The latter would require strong interdo-
main interactions between domains mediated by cytosolic
water. We have shown in a previous paper [18] that single
modules from the I-band are stably folded. Domain pairs
show very weak interactions [35], which seems to exclude
a major role of the I-band in providing the stiffness
observed in different muscles. 
These models were, however, based only on knowledge of
partial titin sequence and on the assumption that I-band
titin would contain type II (Ig-like) domains almost exclu-
sively. It was recently shown that tandem Igs are not the
only components of the I-band [2]. Tissue-specific differ-
ential splicing has been shown to produce different I-band
isoforms, the sequence composition of which correlates
with the observed stiffness of a specific muscle. In addi-
tion to the Ig-tandem region, a PVEK-rich motif is found
with variable length, which changes from 163 amino acids
in cardiac muscle to about 2174 residues in skeletal
muscle. Independent lines of evidence from immunofluo-
rescence and immunoelectronmicroscopy studies seem to
show that the PEVK-rich region is responsible for the elas-
ticity, whereas Ig stretches confer extensibility (that is,
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Figure 9
Structural comparison of I27 and M5. (a) Structure superposition of
the backbone of I27 (in magenta) with M5 (in cyan). (b) Stereo and
expanded view of the BC and FG loops. The side chains of Pro27 and
Pro29 in M5 and Pro28 in I27 are shown explicitly. 
Figure 10
Model of an I27–I28 module pair. It
represents the smallest unit containing the
Ig–Ig interface observed only in the titin I-band
region. I27 and I28 are respectively indicated
in magenta and purple to match the colours
used in Figure 1b. The linker region between
the two modules is indicated in white and it is
shown in its extended form. 
they do not show reversible tensile force) (M Gautel and
W Linke, unpublished results). 
From our results we might speculate that extensibility is
then provided by the interdomain regions, which would
behave as hinges which could stretch to their maximal
length. Shorter loops will be needed to reduce the inter-
actions of the hinge and increase its flexibility. A variation
of the relative spatial arrangement of sequential modules
could easily account for up to 100% of the initial length
(e.g. 70% is obtained by assuming a 45° angle between 
the modules, but more length could of course be gained
by a three-dimensional arrangement of the modules). This
stretching would produce only very low tension as
observed experimentally (W Linke, unpublished results).
Once maximal extensibility of the loops is reached, elastic
tension would be provided by the PVEK-rich region.
Exposure of prolines and of valine hydrophobic chains as
well as breakage of salt bridges between oppositely
charged residues could account for the stiffness observed.
Finally, the last step could in fact be the unfolding of Ig
domains according to Erickson’s suggestion [23]. This
step would, however, be outside the physiological range of
muscle contraction.
Biological implications 
Titin — a giant muscle protein — is highly modular
with multiple copies of immunoglobulin-like domains
[2]. These modules are distributed along the titin fila-
ment, which spans half of the sarcomere and con-
nects the Z-disk to the M-line. Immunoglobulin-like
modules are therefore thought to have adapted to
perform the quite diverse functions covered by titin
along its length. The region of titin located in the
I-band has unique features: although no binding
partner has yet been found, this region appears to be
able to extend without production of tensile force
[4,19–21]. As compared to immunoglobulin domains
from other regions of titin, I-band modules have 
a specific consensus sequence and are arranged 
in tandem. We have determined the structure in 
solution of a representative immunoglobulin-like
module from this region (I27). It shows a typical
I-frame immunoglobulin fold with a well packed
hydrophobic core. Most noticeable is the conforma-
tion of two loops which pack against each other in the
structure and significantly differ from the correspond-
ing regions of other titin immunoglobulin-like modules
from different locations of the molecule [13]. A
stretch of up to six residues with no obvious sec-
ondary structure tendency connects contiguous Ig
domains and may form a potentially flexible hinge. On
the basis of the I27 structure and of a model of
tandem immunoglobulin modules, we suggest that the
I-band titin domains could account for the extensibil-
ity of this region by stretching the connecting hinges.
The structure imposed by the shorter loops might be
required to confer a higher degree of flexibility by
decreasing intermodule interactions. 
Materials and methods
Protein expression and purification 
Protein expression and purification was achieved as previously
described [17,18]. Briefly, cDNA coding for the I27 sequence was
obtained by standard polymerase chain reaction techniques. The DNA
fragment obtained was subcloned into the pET8c vector [43] and
fused N-terminally with an oligonucleotide linker encoding an MHH-
HHHHSS tag sequence. After induction of transformed BL21 (DE3)
pLysE cells [44], the harvested cell pellet was treated with lysozyme
and sonicated. After centrifugation, the soluble supernatant was frac-
tionated by metal chelate affinity chromatography on Ni2+-NTA agarose
(Qiagen, Hilden, Germany). The washed column was developed with a
gradient of 10–250 mM imidazole, 20 mM b-mercaptoethanol at pH 7.
The pure fractions were successively pooled and passed over
Q-sepharose equilibrated in the dialysis buffer. Unbound fractions con-
taining the titin domain judged pure by SDS-PAGE [45] were dialyzed
and concentrated with an Amicon concentrator. 15N-labelled samples
were prepared as described in [13].
NMR spectroscopy
The samples for the NMR measurements contained 1–1.5 mM protein
in 90% H2O/10% D2O and 20 mM deuterated acetate buffer, pH 4.5.
Samples for the hydrogen exchange measurements were obtained by
first lyophilizing the protein from its aqueous solution and then redis-
solving it in 99.5% D2O. 
The NMR experiments were performed on either a Bruker AMX-500 or
an AMX-600 spectrometer equipped with z-shielded gradient coils. In
all measurements the TPPI method [46] was employed to obtain
quadrature detection in the indirectly detected dimensions. Water
suppression was achieved using the WATERGATE pulse sequence
[47,48] or by solvent presaturation when working with D2O samples.
2D TOCSY, NOESY and DQF-COSY (double quantum filtered-corre-
lated spectroscopy) spectra were recorded at temperatures between
17 and 35°C, with 512 increments in t1 and 2048 data points in t2.
Cross-relaxation effects in the TOCSY experiments were minimized
using the TOWNY mixing sequence [49]. The mixing times were in the
range 30–70 ms for the TOCSY and 60–150 ms for the NOESY
spectra. 2D 1H-15N HSQC, 2D 1H-15N HMQC-J (heteronuclear multi-
ple quantum coherence) and 3D 1H-15N NOESY-HSQC spectra were
recorded at 35°C. In the HMQC-J experiment a purging pulse was
applied before data acquisition to remove dispersive contributions in
F2 [50] and a data matrix of 1500(t1) × 2048(t2) points was acquired.
The 3D NOESY-HSQC experiment was performed using a mixing
time of 100 ms and collecting 108(t1) × 176(t2) × 512(t3) real points.
A natural abundance 1H-13C spectrum was also acquired recording
256 transients, each of 2048 data points, and 128 increments in t1. In
all heteronuclear experiments, broadband decoupling during acquisi-
tion was accomplished using the GARP sequence [51]. A spectral
width of 13.5 ppm, 50 ppm and 150 ppm was used for 1H, 15N and
13C respectively. 
2D spectra were processed on a Bruker-X32 workstation using stan-
dard Bruker UXNMR and AURELIA softwares [52]. Prior to Fourier
transformation, the time-domain data were multiplied by suitable
weighting functions and zero-filled in both dimensions. Baseline correc-
tion was applied in each dimension using a polynomial of third order.
The 3D NOESY-HSQC spectrum was processed using the program
AZARA, version 1.0 (W Boucher, unpublished program). After Fourier
transformation in the acquisition dimension, the upfield half of the 
data was discarded and linear prediction and zero-filling were applied
to each indirect dimension. The final size of the 3D matrix was
512(F1) × 256(F2) × 512(F3) real points. AURELIA was used to extract
and display the slices from the 3D spectrum.
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Restraint derivation 
55 f-angle restraints were derived on the basis of estimated JHa–HN
coupling constants. These estimates were obtained from splittings
measured along the F1 dimension of the 1H-15N HMQC-J spectrum.
The f angles were restrained to –160±40 when the JHaHN exceeded
9 Hz, to –170± 50 when the JHa–HN was between 8 and 9 Hz, and to
–50±40 when no splitting was measurable from the HMQC-J spec-
trum. All glycine residues showed very small Ha–HN coupling, but their
f angles were not restrained because glycines are frequently found in
energetically unfavourable regions of the Ramachandran plot; there-
fore, none of the multiple solutions of Karplus equation [53] could be
discarded a priori. Distance restraints were derived from a 60 ms
mixing time NOESY acquired at 35°C. The NOE volumes were inte-
grated with AURELIA and converted into distances using the He–Hz
cross-peak of Trp34 as reference peak. This calibration led to
intraresidue and sequential distances within the identified b strands
entirely consistent with their expected values. Upper bound restraints
were obtained from the integrated NOE volumes by adding 0.3 Å. 
In cases of overlap, NOEs involving amide protons were identified 
from the 3D NOESY-HSQC spectrum and translated into restraints
assuming the largest distance (5.0 Å). 
Using the program HABAS [54] the b protons of 12 residues over the
a priori possible 53 could be stereospecifically assigned. In the
absence of stereospecific assignment or in case of degenerate proton
resonances, appropriate corrections for center averaging [55] were
added to DIANA restraints. In XPLOR calculations [56], distances
involving non-stereospecifically assigned or equivalent protons were
incorporated as (Sr–6)–1/6 effective distances. In the course of the
XPLOR refinement, a number of well resolved but ambiguous NOEs
involving side-chain protons were introduced in the form of ambiguous
restraints [57]. Equivalent aromatic protons were also treated like
ambiguous NOEs [58]. 
Hydrogen-bonded amide protons were identified as persistent reso-
nances in a TOCSY spectrum after 30 days exposure to D2O.
Restraints reflecting backbone–backbone hydrogen bonds were incor-
porated by setting the upper bound distance between the amide hydro-
gen and the carboxyl oxygen to 2.5 Å and between the amide nitrogen
and the carboxyl oxygen to 3.5 Å.
Structure calculations 
Initial structures satisfying the experimental restraints were generated
using the program DIANA (version 2.2) [54]. The calculations were
performed using the standard minimization protocol and started with
two cycles of the REDAC strategy [59], which significantly improved
the convergence of the subsequent run(s).
Of the 100 structures generated with DIANA, the best 40 — as judged
from the target function and the maximum restraint violation — were
subjected to a modified simulated annealing protocol [60] using
XPLOR [56]. The refinement was carried out in five stages: (i) 50
steps of Powell minimization to remove unfavourable non-bonded con-
tacts; during this stage, the force constants for distance and dihedral
restraints were set to 1 kcal mol–1 Å–2 and 5 kcal mol–1 rad–2, respec-
tively; (ii) 6.5 ps at 2000 K, during which the force constant for unam-
biguous distance restraints was progressively increased to 50 kcal
mol–1 Å–2 and the repulsion force constant from 0.02–0.1 kcal mol–1
Å–4; (iii) 25 ps at 1000 K, with the force constants for ambiguous dis-
tance and dihedral restraints set to 50 kcal mol–1 Å–2 and 200
kcal mol–1 rad–2, respectively, and with the repulsion force constant
increasing from 0.03–4.0 kcal mol–1 Å–4; (iv) 10 ps at 100 K, followed
by (v) 200 steps of Powell energy minimization, without further
changes in the force constants. Throughout the calculations, the force
constants for bonds, angles, planarity and chirality were set to
500 kcal mol–1 Å–2, 500 kcal mol–1 rad–2, 500 kcal mol–1 rad–2 and
500 kcal mol–1 rad–2, respectively. To improve the efficiency a reduced
representation of the non-bonded interactions was used during part 
of the simulation [61]. The structures were averaged by multiple
simultaneous superposition using a program kindly provided by 
R Diamond [62]. Geometric strain from the averaged structure was
removed by 1000 steps of restrained energy minimization. Both the
bundle of solutions and the average structures have been deposited in
the Brookhaven Protein Bank.
Structure analysis and modeling
The quality of the structures was assessed using WHAT IF [63] and
PROSA [64] evaluations. INSIGHTII [65] and MOLSCRIPT [66] were
used to display the structures. DALI was used for structure superposi-
tion of the I-frame structures [34]. The Brookhaven database entries
are 1tnm.brk, 1tlk.brk and 1vca.brk for titin M5, telokin and the N-termi-
nal domain of VCAM, respectively. Multiple alignment was essentially
obtained manually with the graphic support of the GDE editor 
(S Smith, Harvard University) and COLORMASK (J Thompson, EMBL).
The titin sequence was extracted from the EMBL data library (acces-
sion numbers AC x90568 and x90569). The phylogenetic tree was
calculated by CLUSTALW and displayed by TREETOOL. The stability
of the phylogenetic tree was checked by a bootstrap calculation within
CLUSTALW [67]. Homology modeling of the I27–I28 Ig pair was per-
formed with WHAT IF [68]. Secondary structure prediction was
obtained by the PHD program [69] using the multiple alignment of the
I-band Ig sequences shifted in order to have the interdomain region in
the middle of the prediction so as to avoid boundary effects. 
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